This paper provides a picture of using plasma treatment as a means for textile modification. It discusses the different modes for the generation of plasma. As plasma treatment is acting as a surface modification treatment, the paper also addresses the various types of plasmasubstrate interaction and their effects on the substrates. The use of plasma as a finishing application for different textile substrates is another highlight of this study.
Introduction
Plasma is defined as an ionized gas containing both charged and neutral species, including free electrons, positive and/or negative ions, atoms, and molecules (Chan, 1994) . The overall state of plasma is considered neutral with the density of electrons and negative ions being equal to the density of the positively charged ions, known as plasma quasi-neutrality. In order to form and sustain plasma, an energy source capable of producing the required degree of ionization must be used. Either direct current (DC) or alternating current (AC) power supplies may be used to generate the electric field required for plasma generation (Rossnagel et al., 1990 ).
For many industrial types of plasmas, radiofrequency (RF) power supplies are used, usually at a standard frequency of 13.56MHz. Plasma generation may also be performed at various pressures, including low (vacuum), atmospheric, or high pressure. This paper deals with the various types, their set-ups and processing abilities, as well as their advantages and disadvantages. In addition, the application of plasma for textile modification will also be discussed.
Low Pressure (Vacuum) Plasma Devices
Low pressure plasmas are proven methods for surface modification. Vacuum devices provide a microscopically thorough, chemically mild, and mechanically non-destructive means for the removal of adsorbates such as dust, grease, and fatty acids or bacteria. The typical operating pressure range for vacuum plasma devices is between 10mTorr and 10Torr (Lieberman and Lichtenber, 1994 ).
Low pressure plasmas may be generated using a DC power supply thus providing a glow discharge, or a RF power supply producing a quasi-glow discharge or more specifically a quasi-neutral plasma bulk formed between two sheaths.
DC Glow Discharge
A glow discharge is defined as a partially ionized gas containing equal volume concentrations of positively and negatively charged species with different concentrations of ground-state and excited species. This partially ionized gas may be generated by subjecting the gas to very high temperatures, or to a strong electric field, or excited by a radioactive source or strong photoemission. The electric field is induced by a direct current. Direct current (DC) discharge, as illustrated in Figure 1 , is comprised of a selfconsistent combination of a cathode surface, cathode dark space, negative glow region, Faraday dark region, and a positive column. Most of the applied voltage appears across the space between the cathode and the negative glow, known as the sheath.
Fig. 1. Glow discharge device
Ions formed in the dark space and negative glow regions are accelerated into the cathode surface, where they cause secondary electron emission and sputtering. The emitted electrons are then propelled back across the dark space and cause ionization directly or by transferring their energy to electrons in plasma. Here electrons equilibrate with the electric field and create the positive column (Rossnagel et al., 1990) . This process creates a steady state discharge by keeping an equal ion-electron pair generation rate. The discharge is self-sustained by the secondary electron emission from the surface of the cathode. The striking voltage is a function of the pressure, electrode separation, and the coefficient of secondary electron emission.
A typical DC glow discharge is used as a sputtering source for metallic materials, but is limited in use for many industrial applications as it has a narrow range of pressure applicability for sputtering. Most DC glow discharges for sputter deposition operate in what is known as the abnormal regime, which has a narrow range of pressure. The limitation of applicability is also due, in part, to the continuous need to conduct a net current to sustain the discharge (Chapman, 1980) . Another important limiting factor is the inability to use insulating materials over the electrodes, which will inhibit current conduction.
By eliminating the contact between the electrode and plasma, both reliability and reproducibility are improved. The lifetime of plasma is also enhanced and the chance of impurities is dramatically lowered (Roth, 1995) . For these reasons, more practical plasma processes are typically RF excited; however, DC glow discharges are commonly used for sputter deposition of metallic materials such as sputter deposition of gold on non-metallic surface for the purpose of scanning electron microscopy (SEM) to eliminate static charges and glaring under SEM.
RF (AC) Discharges
Radio frequency power is the most common alternating current (AC) discharge used in plasma technology. RF discharges embody many of the same qualitative features of the DC glow discharge, including sheath formation, which creates a strong electric field resulting in the acceleration of ions and electrons. At low frequencies, both DC and RF discharges behave similarly, but as frequency increases, they substantially differ from each other and a new phenomenon is observed (Rossnagel et al., 1990) .
When the applied frequency becomes high enough (approximately 13.56 MHz, which is the standard industrial frequency), the period of oscillation will become comparable to the time it takes electrons and ions to traverse the sheath between the plasma and the electrodes. Electrons will instantaneously respond to changes in electric field as it oscillates, while ions respond to timeaverage changes due to their heavy mass and inertia.
Energetic ions striking the electrode will cause the formation of secondary electrons, which can then be accelerated through the sheath and cause ionization. In addition, the oscillating electric fields in the plasma bulk can input energy directly into the electrons, similar to the positive column of the DC discharge. Finally, the oscillating sheath electric field will accelerate electrons in the glow, known as a "surf-riding" mechanism, unique to the RF discharge (Rossnagel et al., 1990) .
Radio frequency discharges can be subdivided into inductive and capacitive discharges, differing in the way the RF field is induced in the discharge space. Inductive methods are based on electromagnetic induction so that the created electric field is a vortex field with closed lines. In capacitive methods, the voltage from the RF generator is applied across the electrodes, where the lines of force strike them, and the resultant field is essentially a potential field. RF discharges can also take the form of a microwave discharge, known as wave-heated discharge using higher frequency (~2.45 GHz), but only the previous two will be discussed in this work.
Inductively Coupled RF Discharge
Inductively coupled plasma sources (ICP) have been researched for over a century (Lieberman and Lichtenber, 1994) . The simplest form of an inductive discharge is a quartz tube placed inside a solenoid (the primary coil), through which a current is applied to generate plasma (Gudmundsson and Lieberman, 1997) . A circular electric field is induced in the coil, which can then initiate and maintain the discharge. The RF power, which is transferred by Ohmic dissipation (joule heating) of induced RF currents, causes flow in plasma by high frequency transformer action (Roth, 1995) . Most of the RF power is dissipated in the skin depth layer, which is the layer between the plasma bulk and the containing chamber. This means the interaction of the electromagnetic field with electrons is governed by electron thermal motion rather than electronatom collisions.
ICP have been studied in both high and lowpressure regimes.
At high gas pressure (atmospheric) a near-equilibrium plasma is generated, whereas at low-pressure (vacuum) regimes, a non-equilibrium plasma is created. Low pressure ICP have been used as ion sources for particle accelerators and ion thrusters for space propulsion. Due to the high density of the low-pressure plasma, more research has been conducted using this regime.
The main interaction between an electromagnetic field and plasma, and thus the RF power dissipation, takes place in the skin layer near the plasma boundary. Depending on the plasma size, gas pressure, and driving frequency, various interactions between the electromagnetic field and plasma may occur. Under such conditions, ICP manifest a variety of plasma physics effects typical for both low temperature collisional gas discharge plasmas and for hot fusion and space plasmas (Godyak, 2003) .
The two forms of inductive-source configuration, cylindrical and planar geometries, are shown in Figure 2 .
The inductive discharge in the cylindrical configuration is the closest in resemblance to the earliest form of ICP. This form of discharge is either maintained by the axial electrostatic field or by azimuthal electromagnetic field of the primary coil (Gudmundsson and Lieberman, 1997) . In contrast, the planar coil consists of a flat helix, wound from the axis to the outer radius of the discharge chamber. In this configuration, multipole magnets can be added around the circumference of the chamber to increase radial plasma uniformity. This can also be achieved in the cylindrical configuration by wrapping the coil in a nonuniform manner (Gudmundsson and Lieberman, 1997) . It is important to mention that increased number of turns of the RF coupling solenoid increases the ion energy loss across the sheath, and thus a one-turn solenoid would be favourable.
Inductively-coupled discharges require matching of impedances between the power supply and the load (plasma) to maximize forward power transfer and minimize reflected power. 
Capacitively Coupled RF Discharge
Capacitively coupled devices are the most widely used plasma source for materials processing. A schematic representation for a conventional device is shown in Figure 3 . Two parallel electrodes are placed in a vessel filled with gas at a certain pressure, and an RF voltage is applied across the electrodes. These electrodes may be identical (symmetric geometry) or may vary (asymmetric geometry) in diameter. They may also be insulated from the conducting discharge with a dielectric material, creating an "electrodeless" discharge.
Typical devices carry an alternatively driven applied RF frequency across the electrodes in the range of 1-150 MHz, with an RF voltage of 100 to 1000V. The RF power is transferred to the plasma by the randomization of kinetic energy imparted to the electron population by RF electric fields (Roth, 1995) .
Although capacitive sources work well for many processing applications, there are several drawbacks to note. Due to their configuration, capacitive devices are limited to plasma densities of 10 16 m -3 . Higher densities may be obtained by increasing the RF power, but this will increase the corresponding voltage across the electrodes. Electrons are then accelerated by a higher sheath voltage, resulting in less efficient heating of the plasma bulk. This leads to overall inefficiency of the device. Capacitive sources also offer no independent control of the plasma density. Despite these drawbacks, however, the use of capacitive devices for commercial applications has continually increased (Shul and Pearton, 2000) . 
Atmospheric Pressure Plasma
Although most previous research has focused on vacuum systems, their high cost and production limitations have led to the development of higherpressure (atmospheric) devices. To create a more economical, continuous, or high-speed process, a working pressure at or near 1 atm is a necessity. Atmospheric pressure plasmas offer industry open perimeter, on-line, continuous, large area processing, unlike closed perimeter vacuum systems (Herbert and Bourdin, 1999) .
Current atmospheric devices include corona/dielectric barrier discharges (DBD), atmospheric pressure glow discharge (APGD), atmospheric pressure non-equilibrium plasma (APNEP), and atmospheric pressure plasma jets (APPJ). Like their vacuum counterparts, corona discharge/DBD systems induce surface modification through oxidation and radical formation. These processes have shown improvement in polymer adhesion, shrinkresistance, dyeability, printability, and sterilization (Wakida et Although offering the same treatment at a lower cost and with faster production, these systems still suffer from some of the disadvantages previously mentioned for vacuum and corona systems; specifically pinhole formation and non-uniformity of treatment.
Following the development of an atmospheric pressure corona discharge, APGD was developed and reported by Kanazawa et al. (1988) . This system, shown in Figures 4 (a) and 4 (b), employs a similar parallel plate discharge design. Unlike the inhomogeneous plasma formed via the previous corona discharge/DBD atmospheric systems, APGD provides a homogeneous and streamer-free discharge (Herbert and Bourdin, 1999) . This discharge is maintained by controlling the following three conditions:
(1) inclusion of a helium seed/dilution gas (2) a high-frequency source, kilohertz to megahertz. (3) an insulating plate/dielectric covering the electrodes
The first and foremost in importance is the inclusion of helium as the seed gas. This system requires the presence of metastable helium, which will dissociate other atoms/molecules such as Comparisons between vacuum and atmospheric pressure revealed similar reactions despite the differences in pressure, gas throughput, and plasma thermal properties. The current vacuum plasma treatment of textile materials may be pertinent to atmospheric plasma treatments of the same materials. However, it is important to indicate that the physics of vacuum plasmas differ from those of atmospheric plasmas due to the high collisionality of the latter. Also, the fractional ionization of atmospheric plasmas is much lower than vacuum discharges, and most standard plasma diagnostic techniques are not applicable to atmospheric discharges.
Plasma-Substrate Interaction
In the plasma bulk, reactive species (positive and negative ions, atoms, neutrals, metastables and free radicals) are generated by ionization, fragmentation, and excitation. These species lead to chemical and physical interactions between plasma and the substrate surface depending on plasma conditions such as gas, power, pressure, frequency, and exposure time. The depth of interaction and modification, however, is independent of gas type and is limited to 5mm (Rakowski, 1982) . Figure 6 illustrates possible mechanisms for plasma-substrate interaction. The following sections will discuss the effects of plasma on surfaces based on the phenomena illustrated in this schematic diagram. 
Physical Phenomena in PlasmaAssisted Surface Modifications

Etching/Re-Deposition
Plasma etching is the key process for the removal of surface material from a given substrate. This process relies on the chemical combination of the solid surface being etched and the active gaseous species produced in the discharge. The resulting etched material will have a lower molecular weight and the topmost layer will be stripped. In previous methods, such as chemical wet processing, plasma has shown much more controllability and a much finer resolution (Chapman, 1980) .
Etching can proceed by physical sputtering or chemical reaction and ion-assisted mechanisms. The four basic plasma processes commonly used for surface removal are shown in Figure 7 . Although four distinctive processes are described, often, parallel or serial combinations are employed for specific substrate modification.
The first process, sputtering, is a purely physical and unselective process. Energetic ions crossing the sheath transfer large amounts of energy to the substrate, resulting in the ejection of surface material. This mechanical process is sensitive only to the magnitude of bonding forces and structure of the surface, rather than its chemical nature (Manos and Flamm, 1989) . Since sputtering requires high amounts of energy, the rates are generally low and the yield is typically on the order of one atom per incident ion (Lieberman and Lichtenber, 1994) . Unlike sputtering, chemical etching is a highly selective process due to its inherent sensitivity to the differences in bond type and chemical consistency of the substrate. This chemically selective process involves gas-phase etchant atoms or molecules formed through collisions between energetic free electrons and gas molecules, which stimulate dissociation and reaction of the feed gas. These etchants chemically react with the surface to form volatile products (Manos and Flamm, 1989 ). This process is invariably isotropic or non-directional, since the gas-phase etchants arrive at the substrate with near uniform angular distribution. The etch rate for pure chemical etching can be quite large due to a high flux of etchants to the substrate (Lieberman and Lichtenber, 1994) .
The third technique, reactive ion etching, is characterized by a combination of physical sputtering and chemical activity of reactive species. In most situations, the chemistry in this process is provided by the neutral species. A basic reactive ion etch system proceeds by (1) generating active species in the plasma, (2) transporting reactive intermediates from the plasma bulk to the substrate surface, (3) absorbing reactive radicals and "active site" formation, and (4) concluding with chemical reaction and desorbing volatile reaction products (Rossnagel et al., 1990 ). Due to this combined process, a greater amount of etched products will be produced than with sputtering or chemical etching alone. Both chemically selective and anisotropic etching will occur, and their ratio can be controlled.
With a similar method, ion-enhanced inhibitor etching can also be an effective method for surface removal.
This system shares most features of reactive ion etching, but with the inclusion of inhibitor precursor molecules that absorb or deposit on the substrate. The polymerforming inhibitor species may originate from the feed gas, feed gas additives, sputtered reactor material, or a resist mask. During this process, the plasma chemistry initiates the formation of a thin film on the sidewalls of the etched feature, which prevents chemical attacks.
The bombarding vertical ion flux keeps horizontal surfaces clear of this inhibitor film. A highly anisotropic etch with vertical side walls is formed, and a volatile etch product is released (Shul and Pearton, 2000) . This process is not as selective as pure chemical etching, and contamination of the substrate and final removal of the protective inhibitor film can be a disadvantage.
In addition to the etching methods described above, it should also be noted that volatile and non-volatile etched material may return to the substrate surface, further effecting the overall surface modification. This is known as redeposition and backscattering, which depends on the volatility of the etched material.
If etching takes place at the bottom of a small feature, non-volatile etch products will tend to deposit on the sidewalls of the feature. This phenomenon is referred to as "redeposition". If the etched material is volatile, it will not condense on the sidewalls and will eventually escape from the feature even after colliding many times with the sidewalls of the feature. In regard to etching on a flat surface, the non-volatile species can be returned to the etched surface after undergoing numerous collisions with species in the gas phase, where they will most likely redeposit. This is known as "backscattering". Backscattering can lead to severe microroughness on the substrate. Volatile products may also be returned to the surface by this process; yet in general, they will condense on the surface due to their high vapour pressure (Shul and Pearton, 2000).
Effects of Plasma Parameters on Etching
As previously mentioned, plasma-surface interactions are dependent on plasma parameters. This is especially true for etching. Depending on the gas, frequency, pressure, and exposure time, the etching rate, uniformity, and selectivity of the substrate will vary (Lieberman and Lichtenber, 1994) . By altering these parameters, system optimization can be achieved and controlled. This section will elaborate on these parameters and their consequent influence.
The effect of the working gas on the etching process includes both the gas type and its flow rate. By altering either parameter, dramatically different forms and degrees of etching will occur. Specifically, the gas type can determine whether the treatment will induce a higher or lower degree of etching, as well as promote etching in favour of deposition/polymerization. This can be seen through the work comparing inert helium, versus reactive gases such as oxygen, nitrogen, and fluorocarbons (Mittal, 1996 ; Placinta et al., 1997).
In contrast, reactive gases such as O 2 and CF 4 can have a much greater etching effect. The composition of these reactive gases must be balanced, however, in order to optimize the etching and/or polymerization balance.
In addition to the effect of the gas type, the influence of the flow rate must also be considered. In general, the rate of etching will rise rapidly with increasing flow rate to a maximum value, followed by a decrease at higher flow rates. Initially, in the low flow region, there is an inadequate supply of reactant gas, creating a high utilization rate. This is steadily overcome and etching is maximized at the optimum flow rate. As the flow rate further increases, however, the accompanying raise in pumping speed causes active species to be pumped away before having the opportunity to react; thereby decreasing the etch rate for the high flow region (Chapman, 1980) . Pressure can also play an important role in the etching mechanism by directly affecting the major phenomena that control plasma etching. These phenomena include: (1) the sheath potential and energy of ions bombarding the surface, (2) the electron energy, (3) the ion-to-neutral abundance ratio and fluxes to these species to the surface, (4) the relative rate of higher to lower order chemical kinetics, (5) surface coverage by physisorption, and (6) the relative rates of mass transport processes (Manos and Flamm, 1989 ). As pressure is lowered below 0.1 Torr, as in most vacuum plasma systems, the sheath potential dramatically increases. Given that the pressure is inversely proportional to the mean-free path, this rise in potential translates into a higher energy ion flux. As a result, the ion bombardment promotes etching by physical sputtering or damage-induced mechanisms versus those of chemical etching (Manos and Flamm, 1989 ).
Much like pressure effects, the RF excitation frequency can alter key discharge characteristics that influence etching. Flamm (1986) has shown that in low-pressure systems, these characteristics include altering the spatial distributions of species and electrical fields across the discharge, the energy and concentration of species as a function of time, the energy of ions impinging on the surface, and the electron energy distribution function. These characteristics then limit the ability or inability of physical and chemical processes to occur, thereby regulating the rate and degree of etching.
Weight changes and micrographs have illustrated the effect of exposure time on plasma treated surfaces. As exposure time is lengthened, weight loss and changes in the surface morphology notably increase (Hwang et al., 2004) . Atomic force microscopy (AFM) analysis showed progressively rougher surfaces with increasing exposure time for PET films treated in argon (Gupta et al., 2000) .
Surface Morphology and Roughness Changes
Due to the etching mechanism on polymer surfaces, morphological and topographical changes will occur. These changes are visible through atomic force microscopy (AFM) or scanning electron microscopy (SEM). Since most polymers are semi-crystalline, that is, they contain both crystalline and amorphous regions, they produce very distinctive morphology changes due to selective etching.
Padhye et al. (1976) observed that both PET and nylon 6,6 filaments showed selective etching patterns when exposed to nitrogen plasma. For the PET treated samples, they reported "seashore" like structure, with an average separation of 600Å between adjacent elongated units. These long periods are consistent with amorphous regions within the polymer. Due to the loosely bound structure of the amorphous regions, it is concluded that these areas are much more susceptible to etching. Similar results were observed for the nylon 6,6 samples, but due to their spherulitic crystal structure versus that of the folded chain structure of PET, the etch pattern varied. It consisted of fibrillar branches expanding from the centre.
Identical results were obtained for both PET and nylon when comparing weight loss from plasma exposure to the degree of crystallinity. Their research showed that the weight loss decreased with increasing percent crystallinity (Okuno et al., 1992).
Chain-Scission
Chain-scission is defined as any event that results in the breakage of one polymer molecule into two or more parts. This can occur through a direct rearrangement of the backbone into two separate entities, or by the loss of side groups and consequent rearrangement, which inherently results in molecular division (Clough and Shalaby, 1996) . Both processes can occur as a result of etching via plasma exposure. The first interaction involves ion bombardment, in which ion energy is transferred to the polymer molecules comprising the substrate. Bond scission and radical formation then occur, causing weight loss and a reduction in molecular weight (Inagaki, 1996) .
Chemical Phenomena in Plasma-Assisted
Surface Modifications
Radical Formation
In addition to physical modifications, plasma exposure leads to changes in the elemental composition of the polymer surface. This includes the formation of free radicals. These radicals enable reactions such as cross-linking by activated species of inert gas (CASING), surface graft polymerization, as well as the incorporation of functional groups.
Electron spin resonance (ESR) signals of polymeric materials exposed to plasma, show new radical formations even in short durations. These sites include not just terminating radicals but midchain and stable monomer-derived radicals. ESR also has indicated dangling-bond sites, which are suitable to CASING (Kuzuya et al., 1991) .
The formation of radical sites occurs through ionization or excitation of the polymers through electrostatic interaction between fast moving electrons and the orbital electrons in the polymers. The consequent ionization leads to molecular fragmentation and the formation of a free radical. Similarly, excitation leads to dissociation of the excited polymers, also forming free radicals. If the free radicals formed are unstable, they will rapidly undergo recombination. Stable radicals, however, will remain in the polymer as living radicals. These radical sites can then "catalyze" the next steps for further chemical processing such as initiation of grafting, cross-linking, or functional group attachment (Inagaki, 1996) .
As with most surface modifications induced by plasma, the free radical intensity is also dependent on plasma parameters, including gas, pressure, and exposure time. The substrate composition will also play an important role in radical formation and stability. Chen (1991) examined these parameters using various gases, substrates, and exposure times. The ESR analysis showed that there was a distinctive increase in radical intensity for increased durations of exposure. There was also a notable difference in radical intensity for the various substrates and gases, specifically in the order of: linen > cotton > polynosic rayon > standard rayon > nylon 6 ≈ PET and CF 4 > CO > Ar > N 2 > O 2 . These results are summarised in Table 1 .
Due to the relatively low radical intensities measured for O 2 in comparison to those measured for CF 4 , it is concluded that the O 2 plasma generated free radicals are unstable with a short lifetime, which will rapidly recombine. In contrast, CF 4 plasma appears to generate stable free radicals in the polymer matrix (Chen, 1991 
Grafting
Plasma grafting, often referred to as plasma graftcopolymerization, can occur through either of the following two mechanisms (Simionescu and Denes, 1980):
(1) The creation of active species on the polymer surface, followed by contact with the monomer:
In this mechanism, free radicals are formed on the polymer surface as a result of inert gas plasma treatment. These radicals can either directly initiate grafting or be converted into peroxide or hydroperoxides by the inclusion of an oxidative gas. These activated peroxides will also initiate grafting in the presence of the monomer species (Jagur-Grodzinski, 1997).
(2) Direct grafting of the polymer with common or unconventional monomers under "monomer"-plasma conditions:
Unlike the previous method, this involves a combined plasma and monomer exposure in one step by the use of gaseous monomers in the working gas mixture (Simionescu and Denes, 1980) . Both techniques have shown great advantages over conventional grafting by offering a large range of chemical compounds to be used as monomers, varying thickness of monomer layers, and limited destruction. Zubaidi and Hirotsu (1996) have modelled the grafting of various hydrophilic monomers, including acrylic acid onto various natural and synthetic fibres. This study models the gas, substrate, and exposure time effects on the graft yield. In their study, the percent grafting for most substrates increased with exposure time. The inclusion of oxygen, however, reduced the extent of grafting due to its deactivation of polymer radicals. The authors also noted an increase in the breaking strength for yarns that were plasmagrafted with NiPAAm, due to the binding of fibrils by graft polymers.
Polymerisation
Plasma-induced polymerization can be defined as a film-forming process by which thin films are deposited directly onto the surface of a given substrate without any fabrication. The elemental reactions occurring during this process include fragmentation of monomer molecules, the formation of reactive sites (radicals), and recombination of the activated fragments. This mechanism follows similar steps to that of traditional radical polymerization with the inclusion of a possible re-initiation step (Inagaki, 1996) :
Step 1: Initiation -Radicals are formed in the gas phase and at the substrate which initiate polymerization.
M (g) + e → 2R ·(g) + e S-X + e → S-R n · + H·
Step 2: Propagation -Continual growth of the polymer chain through the successive addition of monomer molecules and the shifting of the active centre.
Step 3: Termination -The terminal radical on a growing chain is destroyed or rendered inactive through bonding with another chain.
Step 4: Reinitiation -Radical formation in the deposited polymers by activation of electrons, ions, and radicals. X n + e → R n · + H· + e X n+m + e → R n · + R m · + e S-X n + e → S-R n · + H· + e Where M (g) = gaseous monomer, R· = radical, S = surface site, X = monomer or polymer segment.
Although the plasma initiated mechanism follows conventional processing steps, there are distinct differences when the two are compared. First and foremost is the simplicity of the plasma process. Since fewer steps are involved in the fabrication, it is a very attractive alternative. In contrast, however, the resulting polymer is distinctly different from that formed through conventional methods. The properties of the plasma-generated film are strongly dependent on the deposition parameters, including power input and pressure, which directly affect the fragmentation of the monomer species (Clough and Shalaby, 1996) .
Numerous studies have been conducted using hydrocarbon and fluorocarbon gas plasmas for film deposition with successful results (Shi, 1999; Meiners et al., 1998) . At present, however, the development of a technologically advanced plasma-polymerization reaction is limited by the generation of side reactions, which occur simultaneously with the main process. Due to the constant bombardment of active species by the plasma, active centres are generated on the polymer backbone which can initiate destruction mechanisms, cross-linking processes, secondary grafting reactions, as well as free radical trapping (Simionescu and Denes, 1980).
Cross-linking
Cross-linking occurs when two polymer molecules join to form one large molecule/network and Figure 8 illustrates this mechanism for PET. Cross-linking can result in improved mechanical properties, decreased solubility, elimination of the melting point, and increased resistance to corrosive attack, all of which are desirable properties (Clough and Shalaby, 1996) .
For plasma processing, this technique is referred to as CASING, which consists of creating a crosslinked layer with a high cohesive energy as a result of an inert gas discharge action (Placinta et al., 1997) . During plasma exposure of polymeric materials, both chain-scission and cross-linking occur randomly and simultaneously.
The predominance of one process over the other will depend on the polymer structure and crystallinity, temperature, and gas composition.
If scission/etching is the dominating process, then degradation of the physical properties will occur, and the polymer may become unusable. For this reason, an exact balance must be obtained to control the competing processes (Clough and Shalaby, 1996 ).
Placinta's study (1997) on the cross-linking of PET in helium/oxygen plasma best illustrates the effect. As the concentration of oxygen increases, cross-linking diminishes. The presence of oxygen clearly induces chain-breaking reactions, which counteracts the cross-linking process. Optical emission spectroscopy also revealed a decrease in metastable helium as a result of the increase in oxygen, which diminishes the cross-linking ability of the helium. In order to prevent this shift, the oxygen concentration in the working gas must be limited to only a few percent. The small addition of oxygen, however, can help prevent the ageing process due to its surface functionalization capability (Placinta et al., 1997) . Fig. 8 . PET cross-linking mechanism via recombination of aryl radicals formed through hydrogen abstraction from the benzene ring
Plasma Finishing Applications
Hydrophilicity/Hydrophobicity Alterations
For most textile finishing applications, wettability is a crucial function. Not only is it a desirable property for end use products, but it also aids in the dyeing and finishing process. By introducing polar groups such as -OH, -OOH, and -COOH through oxygen plasma treatment, the wettability of hydrophobic polymers such as PET can be greatly enhanced. The surface roughness caused by etching can also increase surface area and aid in wetting. Contact angle analysis has shown that PET films were wetted thoroughly following oxygen plasma exposure. In contrast, films treated in fluorocarbon gases resulted in strongly hydrophobic surfaces that did not wet (Wakida et al., 1986 ).
Although plasma exposure can dramatically alter wettability, an ageing effect is observed. Gupta reported that the contact angle of PET films showed a gradual increase with storage times up to 10 days (Gupta et al., 2000) . This suggests that the polar functionalities undergo considerable changes over time. Popular consensus is that the polar groups undergo migration into the polymer bulk in order to reduce the interfacial tension. However, it is always possible that a fraction of the functional groups are transformed into stable structures, thereby diminishing the surface hydrophilicity (Gupta et al., 2000; Yasuda et al., 1981 ).
Adhesion Enhancement
Plasma treatment increases adhesive properties through the following mechanisms (Garbassi et al., 1998):
(1) Removal of a low surface energy layer through cleaning and etching 
Desizing
Desizing through plasma treatment is a fairly recent and novel process. Typical desizing procedures include a series of hot water baths containing detergent. The effluent/waste water must then be treated to remove all PVA. Although PVA itself is a low cost material, the removal and wastewater treatment can be costly in addition to environmental compliance requirements. These concerns and limitations have resulted in increased research to find ways to improve this process and the type of size used. One method that has recently been explored is the use of atmospheric pressure plasma treatment as an aid in the desizing process. In a recent study, both helium and oxygenated-helium atmospheric plasma treatments were applied to desizing PVA on woven cotton fabric. The percent desizing ratio (PDR) and tensile strengths of both the fabric and single yarns were measured. The results shown in Figure 9 conclude that the plasma treatments can both remove some PVA sizing and significantly improve PDR by washing, specifically by eliminating the need for hot water washing. Tensile data revealed no significant difference between the treated samples and the control, indicating that no fabric damage was incurred. In further research, XPS analysis of plasma treated PVA films revealed surface chemical changes such as chain scission and formation of polar groups, which promote the solubility of PVA in cold water (Cai et al., 2003) .
In a similar study presented by Rakowski et al. (1982) , oxygen plasma was utilized to determine its effect on the removal of sizes and finishes from grey cotton and cotton/polyester blends. Results demonstrated the plasma's ability to etch and volatilize both sizes and finishes off of the fabric. The decomposed material was converted into ecologically harmless products such as carbon dioxide and water (Rakowski et al., 1982) . This clearly demonstrates the viability and ecological benefits of a plasma-aided size removal system.
Sterilization/Antimicrobial Properties
Sterilization is defined as "any process or procedure designed to entirely eliminate microorganisms from a material or medium" (Lock, 1992) . Conventional techniques for sterilization include the use of autoclaves, ovens, and chemicals such as ethylene oxide (EtO), methyl bromide or hydrogen peroxide. These methods rely on irreversible metabolic inactivation or on the breakdown of vital structural components of the microorganism (Chau et al., 1996) . Although very effective, these methods are often associated with damage to the material/medium that is supporting the microorganisms. As a result, newer, more effective forms of sterilization are being researched, and have led to the discovery of plasma sterilization.
Plasma sterilization operates through the following basic mechanisms (Moisan et al., 2002) , which are further illustrated in Figure 10 : These processes not only kill microorganisms, but they have also been effective in destroying bacteria, spores, fungi, and viruses.
In addition to sterilization, plasma treatments can also impart antimicrobial and antibacterial functionality or aid in antimicrobial finishing.
Due to the inherent properties of textile fibres, they readily support the growth of microorganisms, and must undergo preventative treatments. If infestation of microbes does occur, staining and foul odours may form, not to mention a loss of performance properties. Traditional finishing techniques involve coating, spraying, or padding of antimicrobial chemicals directly onto the fibre/fabric. Recently, however, there has been growth in the area of plasma aided antibacterial finishing.
Several methods have been employed for antibacterial plasma finishing. One technique uses plasma to impart functional groups on packing materials for improved barrier characteristics and conferred antimicrobial properties. Another technique involves plasmaaided deposition of polyethylene glycol (PEG). Since PEG surfaces have been shown to reduce protein absorption and bacterial attachment, it makes a perfect antimicrobial coating material. Under cold plasma environments, desired structures can be generated directly from fragmentation of the appropriate starting materials, which will recombine and deposit. This technique has proven highly affective for inhibiting microbial attachment, and can be applied to a wide range of materials including rubber and polyester. Plasma treatments have also shown promise for graft copolymerization of antimicrobial agents onto nonwovens.
Conclusions
From the discussion of this paper, it is evident that plasma treatment has contributed in different areas of textile modification. Throughout the technology breakthrough, different modes of generation of plasma were achieved. As plasma treatment is acting significantly as a surface modification treatment, the various types of plasma-substrate interaction and their effects on the substrates depend much on the system parameters used. Since plasma treatment has different interaction nature with the substrate, wide varieties of application modes could be used for textile finishing. Thus, this paper helps address the importance of plasma treatment for further textile modification development.
